Despite intensive research efforts, prediction of long-term prognosis in critically ill patients has remained poor. In this context, the body composition was identified as a potential factor determining the outcome of patients treated on an ICU. Different authors have suggested a link between low skeletal muscle mass and patients´ ICU mortality ([@R1]--[@R3]). However, the term "low skeletal muscle mass" is only poorly defined and often used synonymous to sarcopenia. The latter is defined as the "progressive loss of muscle mass and strength with a risk of adverse outcomes such as disability, poor quality of life and death" by the Special Interest Group of the European Sarcopenia Working Group in 2010 ([@R4]). Since both muscle strength and muscle mass are difficult to measure in clinical routine, many authors have defined sarcopenia as a skeletal muscle area index below the 5th percentile of the of a healthy control population ([@R5]). However, using this definition, the role of sarcopenia as a prognostic marker for critically ill patients remains controversial ([@R5]), which might be due to the fact that functional aspects such as muscle strength and muscle composition are not properly reflected. Recently, Faron et al ([@R6]) showed the clinical potential of fat-free muscle area (FFMA) in MRI scans to predict outcome in patients with colorectal cancer, suggesting that FFMA might be a new and easily accessible prognostic biomarker for prognosis.

In this study, we aimed at analyzing whether sarcopenia, assessed by the skeletal muscle index (L3SMI), and the mean skeletal muscle attenuation (MMA) as a surrogate for muscular fat deposition, represent prognostic factors in critically ill patients treated on a medical ICU.

PATIENT AND METHODS
===================

Study Design and Patient Characteristics
----------------------------------------

A total of 155 patients who were admitted to the medical ICU at the Department of Medicine III at University Hospital Rheinisch-Westfälische Technische Hochschule (RWTH) Aachen between 2006 and 2015 were enrolled in this study (detailed patient characteristics are given in **Table [1](#T1){ref-type="table"}**). The study was approved by the local ethics committee (EK 150/06) of the University Hospital RWTH Aachen, Germany, and written informed consent was obtained from every participant or authorized relatives in the case of unconsciousness.

Assessment of Body Composition and Definition of the Skeletal Muscle Index
--------------------------------------------------------------------------

We only used CT scans in venous phase with a slice thickness of 5 mm for this study. We included CT scans that were performed upon ICU admission. The total skeletal muscle area, as well as the MMA, were segmented at the center plane of the third lumbar vertebra on axial CT scans. We used this approach as it was recently shown that single-slice measurements of the skeletal muscle area and adipose tissue at anatomical landmarks are strongly associated with total compartment volumes and therefore provide comparability of results ([@R7]). All parameters were assessed manually using a semi-automatically segmentation tool, 3D slicer, an open source software platform for medical image informatics ([@R8]). The following muscle groups were segmented: rectus abdominis, external and internal obliques, transversus abdominis, quadratus lumborum, as well as the psoas major and erector spinae (**Supplemental Fig. 1**, Supplemental Digital Content 1, <http://links.lww.com/CCX/A240>; **legend**, Supplemental Digital Content 8, <http://links.lww.com/CCX/A247>). All muscles were identified and quantified with cutoff values of --29 to 150 Hounsfield units (HUs). The MMA was automatically calculated by the software. The L3SMI was further normalized for the patients' height as follows:
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Statistical Analysis
--------------------

Statistical analyses were performed as recently described ([@R9]) (**Supplemental Patients and Methods**, Supplemental Digital Content 2, <http://links.lww.com/CCX/A241>). A *p* value of less than 0.05 was considered statistically significant (\**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001).

RESULTS
=======

The Individual Body Composition Does Not Predict Short-Term Mortality or ICU Survival in Critically Ill Patients
----------------------------------------------------------------------------------------------------------------

A total of *n* = 155 patients who were admitted to the medical ICU for treatment of critical illness were included in this study (Table [1](#T1){ref-type="table"}). The median L3SMI that we used as a surrogate for sarcopenia was 76.983 mm^2^/cm (range, 43.78--1,001.75 mm^2^/cm). The median skeletal muscle attenuation (MMA) that we used a surrogate parameter for muscular fat deposition was 30 HU (range, --21 to 54 HU). We hypothesized that the patients' individual body composition might predict short-term mortality in ICU patients. We therefore compared the L3SMI between patients who survived the ICU stay and were admitted to standard care (ICU survivors) and patients who deceased during the ICU stay (ICU nonsurvivors). Interestingly, we did not see a significant difference between these two groups (**Supplemental Fig. 2**, ***A*** and ***B***, Supplemental Digital Content 3, <http://links.lww.com/CCX/A242>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCX/A247>). In a second step, we evaluated whether or not an increased fat deposition in the skeletal muscle might be a negative predictor for short-term outcomes. Therefore, we determined the MMA of the skeletal muscle area that was used to calculate the L3SMI as a surrogate for fatty muscle depositions. However, when comparing the MMA of patients who did or did not survive the ICU stay, we did not observe a significant difference between ICU survivors and nonsurvivors (**Supplemental Fig. 2*C***, Supplemental Digital Content 3, <http://links.lww.com/CCX/A242>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCX/A247>). In line, there was no significant association between the MMA and the 30-day mortality (**Supplemental Fig. 2*D***, Supplemental Digital Content 3, <http://links.lww.com/CCX/A242>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCX/A247>).

###### 

Characteristics of Study Cohort
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The Individual Body Composition Is Associated With Long-Term Outcome of ICU Patients
------------------------------------------------------------------------------------

Hypothesizing that an unfavorable body composition (low amount of skeletal muscle, high amount of muscular fat deposition) might be associated with an impaired long-term survival rather than predicting short-term mortality, we next compared the L3SMI between patients who did or did not survive for 180 days and 1 year, respectively. Strikingly, we observed significantly higher L3SMI values in patients who survived for 180 days compared to patients who deceased during this time (**Fig. [1](#F1){ref-type="fig"}*A***). The median L3SMI was 79.05 mm^2^/cm for the 180 days survivors and 72.65 mm^2^/cm for nonsurvivors. In line, the L3SMI was significantly associated with the 1-year mortality rate of ICU patients as patients who survived for at least 1 year had significantly higher L3SMI values compared to patients who died within the first year after ICU admission (79.81 vs 74.05 mm^2^/cm; **Fig. [1](#F1){ref-type="fig"}*B***). Subsequently, we compared the MMA between patients who survived for 180 days or 1 year after ICU admission and nonsurvivors. Interestingly, we found significantly lower MMA in patients who died within the first 180 days or first year following ICU admission (**Fig. [1](#F1){ref-type="fig"}**, ***C*** and ***D***) compared to patients who survived this time period, suggesting that a higher amount of muscular fat deposition (low MMA) also represents a negative predictor of long-term ICU survival. In line, binary logistic-regression analysis revealed both the L3SMI and the MMA as prognostic factors for 180-day mortality (odds ratio \[OR~L3SMI~\], 0.979; 0.961--0.997; *p* = 0.025 and OR~HU~, 0.964; 0.937--0.993; *p* = 0.014).

![The ICU patients' body composition predicts long-term outcome. **A**, Patients with 180-d survival have significantly higher skeletal muscle index (L3SMI) values compared to patients who deceased during this time. **B**, The L3SMI is significantly higher in patients who survive for at least one after ICU admission. Patients who die within the first 180 d (**C**) or first year (**D**) following ICU admission have significantly lower mean skeletal muscle attenuation (MMA). The area under the curve values for the L3SMI and Hounsfield unit (HU) for prediction of 180-d (**E**) and 1-yr (**F**) mortality are higher compared to established predictive serum parameters. **G**, The prediction of 180-d mortality is highest when the MMA and C-reactive protein (CRP) levels are combined. PCT = procalcitonin.](cc9-2-e0171-g003){#F1}

Finally, we compared the predictive power of the L3SMI and the MMA regarding long-term survival with circulating predictive markers that have previously been associated with ICU survival, such as the C-reactive protein (CRP), procalcitonin, and creatinine using receiver operating characteristic curve analyses. Here, we observed higher area under the curve (AUC) values for the L3SMI and the MMA for both prediction of 180-day (AUC~L3SMI~: 0.654, AUC~MMA~: 0.657) and 1-year (AUC~L3SMI~: 0.654, AUC~MMA~: 0.657) mortality when compared to established predictive serum parameters (**Fig. [1](#F1){ref-type="fig"}**, ***E*** and ***F***). Importantly, the predictive power for long-term mortality was even higher when we combined parameters of body composition with established prognostic serum markers such as the MMA and CRP levels, revealing a higher AUC of 0.682 (**Fig. 1*G***).

The L3SMI and Myosteatosis Are Predictors of Overall Survival in ICU Patients
-----------------------------------------------------------------------------

We subsequently evaluated if L3SMI and the MMA are also indicative for the patients' overall survival (OS). Therefore, we subdivided our cohort of patients into two groups with either high or low L3SMI or MMA values (50th percentile cutoff) and compared the OS between groups using Kaplan-Meier curve analysis. This analysis revealed a significantly impaired OS for patients with a L3SMI below 76.98 mm^2^/cm compared to patients with an L3SMI value above this cutoff (**Fig. [2](#F2){ref-type="fig"}*A***). In line, patients showing a larger amount of muscular fat deposition with an MMA below 31 HU had a significantly impaired OS compared to patients with an MMA above 31 HU (**Fig. [2](#F2){ref-type="fig"}*B***). When using ideal cutoff values (L3SMI: 74.95 mm^2^/cm and MMA: 29 HU), the L3SMI and the MMA both showed a highly significant discriminatory potential for the identification of ICU patients with an unfavorable long-term prognosis (**Fig. [2](#F2){ref-type="fig"}**, ***C*** and ***D***). The median OS both in the low L3SMI and in low MMA group was only 8.4 weeks compared with 64.8 weeks in the L3SMI high and 62.1 weeks in the MMA high group. In line, Cox regression analyses revealed a L3SMI (hazard ratio \[HR\], 1.850; 1.259--2.719; *p* = 0.002) as well as an MMA (HR, 1.690; 1.167--2.446; *p* = 0.005) below these cutoff values as negative prognostic factors for OS. Importantly, multivariate Cox regression analysis showed that the prognostic potential of the L3SMI was independent of various clinicopathological parameters such as the patients' age, markers of systemic inflammation (leucocyte count and CRP), and parameters of organ dysfunction (bilirubin, hemoglobin) (**Table [2](#T2){ref-type="table"}**). Importantly, the combinational use of the L3SMI and the MMA (low L3SMI/low MMA vs high L3SMI/high MMA) revealed an even better prognostic potential to predict OS in critically ill patients (**Fig. [2](#F2){ref-type="fig"}*E***). Finally, the association of the patients' body composition with outcome is further supported by quartile analyses, showing, for example, that a gradually decreasing skeletal muscle density leads to increasingly reduced OS (median OS~MMA~: 132.6 wk if MMA \> 75th percentile \[39 HU\], 47.0 wk if MMA between 75th and 50th percentile \[31--39 HU\], 31.4 wk if MMA between 50th and 25th percentile \[21--31 HU\], and 13.1 wk if MMA \< 25th percentile \[\< 21 HU\]).

![The body composition correlates with the patients' overall survival (OS). **A**, ICU patients with a low skeletal muscle index (L3SMI) (below 50th percentile) show a significantly reduced OS. **B**, A low mean skeletal muscle attenuation (MMA) (below 50th percentile) is associated with a significantly reduced OS. When using the optimal prognostic cutoff values, both the L3SMI (**C**) and the mean skeletal Hounsfield unit (HU) (**D**) show a highly significant prediction of OS. **E**, The combinational use of the L3SMI and the MMA (L3SMI low/MMA low vs L3SMI high/MMA high) reveals the highest prognostic potential.](cc9-2-e0171-g004){#F2}

Subsequently, we aimed at identifying potential underlying factors which contributed to an impaired OS in patients with an unfavorable body composition. As the time of mechanical ventilation on the ICU is a well-established prognostic factor for OS ([@R10]), we correlated the MMA with the duration of ventilation and observed a significant negative correlation between the HU and the total hours of mechanical ventilation on the ICU (**Fig. [3](#F3){ref-type="fig"}*A***). Thus, a higher degree of myosteatosis (lower MMA) was associated with a longer necessity of mechanical ventilation, potentially leading to an impaired OS. Besides the duration of mechanical ventilation, we also found a significant negative correlation between the MMA and the duration of hospital stay, including the stay on the ICU and standard care (**Fig. [3](#F3){ref-type="fig"}*B***). Finally, we compared the MMA in patients who did or did not fulfill the criteria of sepsis, representing another well-established prognostic parameter in ICU patients. Here, we observed significantly lower MMA values in septic patients compared with patients with nonseptic disease (**Fig. [3](#F3){ref-type="fig"}*C***). On the contrary, the L3SMI did not correlate with any of these parameters (**Fig. [3](#F3){ref-type="fig"}*D*--*F***).

![Increased levels of myosteatosis are associated with sepsis and duration of mechanical ventilation. **A**, There is a significant negative correlation between the mean skeletal muscle attenuation (MMA) and the duration of mechanical ventilation. **B**, The duration of hospital stay negatively correlates with the degree of myosteatosis (MMA). **C**, Patients who fulfill the criteria of sepsis have significantly lower MMA. **D--F**, The skeletal muscle index (L3SMI) does not correlate with any of these parameters. HU = Hounsfield unit, n.s. = not significant.](cc9-2-e0171-g005){#F3}

Body Composition and Patient Characteristics
--------------------------------------------

To evaluate a potential association between the patients' body composition and clinicopathological parameters, we compared the L3SMI and the MMA between patients with different medical conditions (diabetes, arterial hypertension, chronic obstructive pulmonary disease \[COPD\], liver cirrhosis, chronic alcohol intake, and malignant disease). While patients with diabetes mellitus showed significantly higher L3SMI values than nondiabetic patients, we did not observe a significant difference of the L3SMI between patients with or without arterial hypertension, COPD, liver cirrhosis, chronic alcohol intake, or malignant disease. The L3SMI was also not significantly altered when patients were stratified with respect to their acute medical condition that led to ICU admission (**Supplemental Fig. 3 *A*--*G***, Supplemental Digital Content 4, <http://links.lww.com/CCX/A243>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCX/A247>). Similarly, we observed significantly lower MMA levels in patients with preexisting diabetes mellitus. We also found higher grades of myosteatosis (low MMA) in patients with arterial hypertension, while patients with or without COPD, liver cirrhosis, chronic alcohol intake, or malignant disease had similar MMA values. The MMA was also not altered between the different disease etiologies that led to ICU admission (**Supplemental Fig. 4 *A*--*G***, Supplemental Digital Content 5, <http://links.lww.com/CCX/A244>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCX/A247>).

Furthermore, we performed extensive correlation analysis between the L3SMI as well as the MMA and various clinical laboratory parameters of organ dysfunction (**Supplemental Table 1**, Supplemental Digital Content 6, <http://links.lww.com/CCX/A245>). Here, we found a significant negative correlation between the MMA and serum cholesterol levels (*r*~S~: --0.185; *p* = 0.040), arguing that hypercholesterolemia is associated with a higher degree of fatty muscle deposition and myosteatosis. Furthermore, we observed a negative correlation between the MMA and the creatinine as well as NT-pro brain natriuretic peptide (NT-proBNP). Circulating interleukin (IL)--6 levels positively correlated with the L3SMI (*r*~S~: 0.182; *p* = 0.047), which corroborates the finding that IL-6 is released by skeletal muscle tissue during systemic stress response ([@R11]). In addition, the L3SMI negatively correlated with serum levels of alkaline phosphatase (alkaline phosphatase \[*r*~S~: --0.275; *p* = 0.001\] and NT-proBNP \[*r*~S~: --0.242; *p* = 0.011\]).

DISCUSSION
==========

The body composition of an individual patient might be determined by very different techniques such as bioelectrical impedance analysis or air displacement plethysmography, just to name a few ([@R12], [@R13]). However, in case of critically ill patients often receiving extensive hydration, the value of these methods to determine skeletal muscle quantity and quality is hampered by consecutive fluid overload ([@R13]). Furthermore, in such patients, classical functional tests for estimating body composition and physical strength (body weight, waist circumference, body mass index, ability to walk or physical activity, and handgrip) do not provide reliable results ([@R13]). Therefore, CT, available for almost all ICU patients, represents the gold standard for assessing muscle mass and muscle quality in critically ill patients ([@R13]--[@R15]). So far, the role of sarcopenia and myosteatosis as prognostic factors in critical illness is unclear. Within this study, we quantified both the skeletal muscle mass and the amount of skeletal muscle fat deposition and evaluated the prognostic value of these parameters. At the respective optimal cutoff values that we established using a recently described biometric software ([@R16]), both a low L3SMI and a low MMA turned out as powerful predictors of OS. Importantly, when both markers were combined (e.g., L3SMI low/MMA low vs L3SMI high/MMA high patients), the prognostic potential was even further increased (Fig. [2](#F2){ref-type="fig"}).

Sarcopenia is a common characteristic of elderly and moribund patients. Muscle wasting can be triggered by manifold disease conditions, including disuse, denervation, fasting, cancer, cardiac failure, and renal dysfunction ([@R17]). As all of these factors are frequently found in critically ill patients and might themselves limit patients' prognosis, systematic research on the role of an impaired muscle mass and strength bears a risk of important bias. In our analysis, however, L3SMI/MMA values were comparable within the different etiologies of critical illness (Supplemental Fig. 3, Supplemental Digital Content 4, <http://links.lww.com/CCX/A243>; and Supplemental Fig. 4, Supplemental Digital Content 5, <http://links.lww.com/CCX/A244> \[legend, Supplemental Digital Content 8, <http://links.lww.com/CCX/A247>\]). Furthermore, multivariate analysis including the patients' age as well as parameters of systemic inflammation (leucocyte count and CRP) and organ dysfunction (bilirubin and hemoglobin), identified the L3SMI as an independent prognostic factor in critically ill patients (Table [2](#T2){ref-type="table"}). Nevertheless, both L3SMI, as well as the MMA, were linked to metabolic and/or cardiovascular diseases since diabetics demonstrated higher L3SMI and lower MMA values and the L3SMI/MMA were correlated with cholesterol serum concentrations and NT-proBNP serum levels. While our data clearly argue for a role of the L3SMI and the MMA as prognostic markers in patients undergoing ICU treatment, it remains unclear if these factors might also have a predictive value in ICU patients of different disease etiologies (e.g., trauma patients) or ICU patients receiving different treatment modalities (e.g., extracorporeal membrane oxygenation therapy). Thus, further studies are warranted to not only confirm their prognostic role in the context of critical illness but also to assess if the L3SMI and the MMA could support future biomarker-driven clinical decision algorithms in the multimodal treatment of critical illness. Importantly, our analysis only gave information on the prognosis of these patients but had no predictive value, meaning that it is unclear if those patients with an unfavorable prognosis in terms of their individual L3SMI/MMA levels might have benefitted to a greater extent from a specific therapy or even represent candidates for active symptom control who should not been admitted to the ICU. Furthermore, we only evaluated L3SMI/HU values at ICU admission but longitudinal measurements of L3SMI/MMA could also be important to answer the question whether therapeutic interventions affecting body composition might influence patients' outcome.

###### 

Univariate and Multivariate Cox Regression Analysis of the Skeletal Muscle Index and Several Clinicopathological Parameters for the Prediction of Overall Survival
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Our data are in line with previous studies demonstrating an association of sarcopenia and an impaired prognosis in patients with nonalcoholic liver disease ([@R18]), liver cirrhosis ([@R19]), cardiovascular ([@R20]), and lung diseases ([@R21]). Furthermore, it was demonstrated that sarcopenia might predict outcome of patients undergoing therapeutic interventions such as transcatheter arterial chemoembolization (TACE) ([@R22]), liver transplantation ([@R23]), or colorectal cancer surgery ([@R24]). Within our study, we not only analyzed the association between sarcopenia and patient's outcome but also of myosteatosis and patients´ outcome. Low skeletal muscle radiodensity is related to the accumulation of fat deposits within muscle ([@R25], [@R26]). It was recently demonstrated that sarcopenia and myosteatosis are independent abnormalities that represent two separate biological processes and that at least in patients with pancreatic and periampullary adenocarcinomas they frequently do not occur coincidentally ([@R27]). In contrast, we observed that the L3SMI and the MMA significantly correlated with each other in patients with critical illness (*r*: 0.168; *p* = 0.044; **Supplemental Fig. 5**, Supplemental Digital Content 7, <http://links.lww.com/CCX/A246> \[legend, Supplemental Digital Content 8, <http://links.lww.com/CCX/A247>\]). Furthermore, the combinational use of the L3SMI and MMA was superior to either marker alone (Fig. [2](#F2){ref-type="fig"}), highlighting that sarcopenia and myosteatosis might not represent simple prognostic markers but might reflect specific aspects within different diseases.

The pathophysiological relation between sarcopenia/myosteatosis and impaired patients' prognosis is not fully clear at present. Stretch et al ([@R27]) used microarray analysis to identify canonical pathways deregulated in samples from patients with sarcopenia and myosteatosis. Interestingly, in patients with sarcopenia, most differentially regulated genes were part of the antigen presentation pathway, while in patients with myosteatosis genes of the oxidative phosphorylation pathway were most regulated. Additionally, genes of the lipid metabolism pathway, potentially contributing to lipid accumulation (e.g., adiponectin receptor 2, apolipoprotein L1, apolipoprotein L2, apolipoprotein O, and paraoxonase 3), were regulated in myosteatosis but not (or to a much lesser extent) in sarcopenia ([@R27]).

As the direct association between sarcopenia and outcome is gaining increasing attention in different clinical conditions, a reliable, cost-effective, and easily applicable method for the evaluation of sarcopenia is essential. Although our method of sarcopenia assessment is easily performed in patients undergoing CT scans for clinical indications, the mere determination of the patients' skeletal muscle status would not justify a CT scan due to radiation exposure and costs. In this line of thinking, assessment of sarcopenia using ultrasound might represent a noninvasive, radiation-free, and inexpensive alternative. As such, ultrasound measurement of rectus femoris muscle thickness has been suggested as a quick screening test for sarcopenia assessment ([@R28]). In addition, different dynamic features of muscle quality such as microcirculation, perfusion during rest and activity, as well as the muscle elasticity could be assessed using ultrasound techniques ([@R29]).

Our study was limited by some points. First of all, the study was conducted in an exploratory, single-center design, including a total of *n* = 155 patients treated a single ICU. Although this design might reduce the inter-hospital bias, our data clearly need further validation from larger multicenter studies. Second, our study included more than 50% of patients fulfilling the criteria for sepsis, which might represent a confounder of results. In addition, the heterogeneity regarding the underlying disease etiology could also influence the results on OS in our study cohort. Finally, our study cohort was heterogeneous in terms of duration of ICU stay, duration of hospital stay, and duration of mechanical ventilation. Although this aspect argues for a rather general validity of results among different ICU patients, larger control studies including further multivariate analyses on confounding parameters on OS are warranted to fully elucidate the role of sarcopenia in better-defined cohorts of ICU patients. Nevertheless, our study is the first to demonstrate a potential prognostic value of myosteatosis in the context of critically ill patients. Furthermore, our study for the first time demonstrates that simultaneous assessment and combined analysis of different parameters of the patients' individual body composition in critically ill patients might be superior over a single marker for estimating the long-term outcome of these ICU patients. Such data might provide important information for early clinical decision-making on patients in emergency departments or ICUs.
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